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Abstract 
Pervaporation (PV) has shown great promise in water desalination technology. In this work, laponite XLG - 
Poly (vinyl alcohol) (PVA-Lap) mixed matrix membranes (MMMs) were fabricated to investigate the 
elaboration of desalination of high-salinity water by pervaporation. The influence of laponite content on 
the morphology, chemical structure and hydrophilicity of the membranes was investigated. In addition, 
salt transport properties in the membranes were observed. Moreover, the effect of different laponite 
content in the PVA matrix on the desalination performance was observed at temperatures from 40°C to 
70 °C and feed solutions with up to 10 wt% NaCl. The prepared MMMs showed higher hydrophilicity and 
roughness of the surface and higher mechanical stability. The higher water flux of 58.6 kg/m2.h with a salt 
rejection over 99.9 % was achieved using 2 wt% laponite XLG MMMs desalinating 3 wt% aqueous NaCl 
solution at 70 °C. The salt permeability in the membrane was lower by two orders of magnitude than that 
of water. The water/salt selectivity increased, while the water permeability decreased, with increasing of 
laponite content in the membrane.  
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1. Introduction  
Fresh water scarcity has materialized a serious threat to human livings and social developments. Due 
to the spectacular increase in the population and water pollution, it is necessary to find engineering 
solutions to provide fresh water in many water-limited areas [1, 2]. One of the most effective methods to 
produce fresh water from salt water such as brackish water and seawater is the desalination technology 
[3]. Nowadays, membrane technology is considered as an attractive desalination way, counting on of their 
high efficiency, potential energy savings, high operational stability, low chemical costs, ease of integration 
and scale-up compared with traditional distillation techniques [4, 5]. 
In recent years, membrane distillation (MD) and pervaporation (PV) have become an appealing 
alternative for dealing with high-saline water and having the ability to resist certain type of fouling. 
Although MD shows a promising way for high-salinity water desalination, membrane fouling and wetting 
are recognized as challenging problems leading to crucial disadvantage and result in increasing the costs 
of the process essentially for operating over long-term [6]. Alternatively, PV is another membrane process 
which has been reported as a prospective process for desalination due to its potential in energy efficiency 
and feasibility in handling high salinity water [7-9]. 
Pervaporation (PV) has primarily reported for liquid separation, such as dehydration process for the 
water from the serviceable organic solvents using hydrophilic membranes, or using hydrophilic 
membranes to remove the traces of several organic solvent from an aqueous solution. On the other hand, 
the specific organoselective membranes have been used for organic-organic mixtures separation [10-12]. 
The mass transport process in PV is based on the widely-accepted solution-diffusion model. Typically, a 
preheated liquid mixture is directly contacted with the feed side of a PV membrane and leaves the 
membrane in a gaseous state which is then condensed by a cold medium on permeate side which is 
maintained by vacuum [13]. According to the solution-diffusion model for PV desalination, the adsorbed 
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water molecules on the surface of the hydrophilic membrane  are posteriorly diffuse through the 
membrane and eventually converted to vapor  on the permeate side. Therefore, owing to the non- 
volatility of salt in the feed, using pervaporation membrane can achieve high salt rejection as well as the 
rejection of volatile organics granting highly pure water production[14]. 
Hydrophilic dense polymeric membranes with high solubility of water are considered the most ideal 
for the pervaporation desalination process such as cellulose [15], polyether amide [8], poly(ether-block-
amide) (PEBA) [16], and poly(vinyl alcohol) [9, 17, 18]. Despite these membranes have achieved high ion 
rejection, the reported water flux was commonly low and still needs to be improved for PV desalination. 
Moreover, the instability and the low mechanical strength in hot water due to the high hydrophilicity, 
inhibit the potential application of PV in desalination. Recently, mixed matrix membranes have attracted 
great interest for pervaporation process due to their remarkable advantages of both polymer and 
inorganic materials.  After recognizing these combined advantages, different researchers developed 
MMMs for pervaporation desalination such as PVA/silica [14], GO/CS [19], and PVA/PVDF/GO [20]. 
Poly(vinyl alcohol)  (PVA) has been widely used for pervaporation process owing to its high 
hydrophilicity, film-forming ability, resistance to organic pollution, non-toxicity, biodegradable and 
chemical/thermal stability. PVA is a water –soluble synthesis polymer with -OH groups on its backbone, 
which crucially provides distinguishing sorption and diffusion of water in it and facilitate its modification 
[21-23]. 
Recently, PVA-nanoclays are well-established components for pervaporation separation process. The 
commonly used nanoclays are clinoptilolite, montmorillonite, and Bentonite [24-26]. Laponite is a 
synthetic nanoclay consisting of a layered structure with 30 nm diameter and 1 nm in thickness with 
empirical formula Na+0.7[(Mg5.5Li0.3) Si8 O20 (OH) 4]
 −0.7 and considered as belonging to semetic clay family. 
Laponite clay has significant properties such as high biocompatibility, anisotropic and great surface area 
along with its great ability for cationic exchange. Although, laponite clay is a well-established component 
for drug delivery, tissue engineering and wound healing applications [27-29]. Additionally, Laponite clay is 
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highly hydrophilic and exfoliates easily in water and has been widely used in the synthesis of mechanically 
strong nanocomposite polymers as also has the ability to enhance  the physical properties of hydrogels 
[30-33]. However, to the best of the author’s knowledge, no researchers has studied so far the effect of 
laponite clay on pervaporation performance. 
This paper reports about a new MMMs of laponite XLG clay / PVA for desalination by pervaporation. 
The MMMs were synthesized via exfoliation of the nanoclay in the polymer solution with Glutaraldehyde 
(GA) as crosslinker agent followed by casting procedure. The effect of laponite incorporation on the 
chemical structure, surface morphology, hydrophilicity, and mechanical properties of the MMMs was 
studied by, Fourier transform infrared spectroscopy(FTIR), scanning electron microscope (SEM), sessile 
drop contact angle assessment and tensile apparatus , respectively. The pervaporation desalination 
performance of laponite/PVA membranes was studied varying concentration of NaCl aqueous in respect 
to permeate flux as also salt rejection. The transport properties of NaCl and water through the 
membranes such as partition, diffusion and permeability coefficients were discerned and evaluated for 
recognizing the mechanism of the salt transport and separation of PV desalination process.  
2. Experimental 
2.1. Materials 
Poly(vinyl alcohol) (C2H4O)x with MW of 85000-124000 g/mol and 99%+ hydrolyzed; Glutaraldehyde 
(GA) (C5H8O2) grade II with 25% in water were purchased from Sigma-Aldrich Chemie GmbH. (Schnelldorf, 
Germany ). Sodium chloride (NaCl) was obtained from Reanal Chemicals Ltd. (Budapest, Hungary). 
Laponite XLG (ρ= 2.53 g/cm3, CEC =0.55 meq/g, d= 25–30 nm, h = 0.92 nm) was supplied by Laboratory of 
Plastics and Rubber Technology, Department of Physical Chemistry and Materials Science, Budapest 
University of Technology and Economics, and was purchased from Byk Additives and Instruments. All 
chemicals were used as such without further purification. 
 
2.2.  Fabrication of MMMs 
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Certain amount of PVA powder was dissolved in deionized water under robust stirring at 90 °C to 
obtain a homogeneous clear solution.  In separate flask certain mass of Laponite XLG was dispersed in 10 
ml of deionized water by sonication for 3 h to get a clear solution, indicating good dispersion of the 
nanofiller. The PVA solution was mixed with the above suspension to obtain 5% PVA casting solution with 
different concentration of Laponite XLG (0, 2 wt%, 5 wt%, 7 wt%, and 10 wt% of Laponite with respect to 
the dry polymer weight). After being stirred for 24 h in situ cross-linking was done by adding a certain 
amount of glutaraldehyde and the solution pH was adjusted with 37% HCl solution and the system was 
vigorously stirred for 3-5 min. Then final solutions were cast onto Petri dishes and totally dried at room 
temperature. After annealing for 3 h in an oven at 40oC the PVA membrane and the PVA-Laponite 
membranes were picked up and were designed as PVA, PVA-Lap2, PVA-Lap5, PVA-Lap7, and PVA-Lap10 
corresponding to the Laponite XLG content as mentioned above. The thickness of pristine PVA and PVA/ 
Laponite mixed matrix membranes was measured at different points across the membrane using a 
thickness gauge and confirmed by SEM measurements in the range of 120-160 μm. A simple scheme 
showing the steps used for preparing PVA-Laponite XLG MMMs can be seen in Figure 1. 
 
Figure 1: Simple Scheme for the fabrication of PVA-Laponite MMMs. 
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2.3.  Characterization of Laponite powder and PVA-Laponite MMMs 
Morphology and chemical structure 
The crystallinity of Laponite XLG and MMMs membranes was investigated by X-ray diffraction 
(PANanalytical X’Pert Pro MPD X-ray diffractometer at room temperature) with 2θ from 5° to 65°.  
The surface morphology of Laponite powder, PVA plain membrane, and laponite –loaded MMMs was 
studied using Scanning electron microscope (SEM, JEOL JSM-5500LV) after covering the sample with gold.  
A Fourier transform infrared spectroscopy (ATR mode of FTIR, BRUKER Tensor-37) was utilized to 
analyse the chemical linking of the powder laponite, PVA membrane and MMMs in the range of 500-4000 
cm-1. 
Thermal properties and degradation temperatures of Laponite powder, PVA plain membrane, and 
laponite–loaded MMMs were operated by thermogravimetric analysis (Perkin Elmer TGA-6) at 
temperature ranging from 35°C to 700°C at a heating rate of 10°C/ min−1. Each sample had of 5–10 mg. 
After loading the samples into alumina pan they were heated under nitrogen atmosphere. Recording was 
done of temperature, sample weight, and differential weight. Differential weight is useful in derivative 
thermogravimetric analysis (DTG). 
Hydrophilicity 
Laponite addition effects on the PVA membrane surface hydrophilicity was investigated. This was done 
using a contact angle meter (KRÜSS, DSA 30, Germany) which provided water contact angle. In each film 
surface five locations were measured at room temperature and their average was used. 
The membrane water uptake was calculated as the difference in weight between the weight of swollen 
membrane and that of dry membrane. For this, the dry membrane weight was taken and immersion in DI 
water was done for 24 h at room temperature. The membrane which was swollen removed from the 
water wiped gently and thoroughly using a filter paper when the water on the membrane surface gets 
completely removed and then it was weighted. For calculation of the water uptake of the membrane the 
following equation was used 
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                        (1) 
Where, Wswollen (g) and Wdry (g) are the weight of swollen and dry membrane, respectively. Each 
membrane was measured three times and the average was taken as the final result. 
Mechanical properties 
An universal testing apparatus (INSTRON-5566) was used to evaluate the mechanical properties of the 
shaped membrane with a dimension of 60 mm × 10 mm and at 10 mm/min of speed. Each membrane 
was evaluated five times and the average value was taken. 
2.4.  Pervaporation experiment 
The pervaporation desalination performance of the PVA and PVA-Lap MMMs was studied using a lab-
scale P-28 membrane unit from CM-Celfa Membranetechnik AG vacuum Pervaporation apparatus as 
published in our previous paper [13]. The membrane under test was kept on a sintered disc in the 
membrane cell. The effective area of the membrane is 28 cm2. For the test, the concentration of the feed 
solution was changed from 0 to 10 wt.% NaCl aqueous solutions. After adjusting the temperature in a 
range of 40–70 °C, the feed solution was subjected to circulation at flow rate of ~182 L/h through the cell. 
Low pressure of 6 torr was kept at permeate side and for this a vacuum pump was used which maintained 
the required vapor pressure difference across the membrane. The permeate was collected in cold traps 
refrigerated by liquid nitrogen at hourly basis. Water flux and salt rejection were adopted to investigate 
membrane desalination performance. The flux, J (kg/m2.h) depended on the weight, W (Kg) of permeate 
in the cold trap, the membrane effective area, A (m2) and the time, t (h). It is calculated using the 
following equation: 
                     
 
    
                                                                 (2) 
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The salt rejection (R) was determined from the concentration of the feed (  ) and the permeate (  ) 
which were calculated from the measured conductivity using an electrical conductivity meter (Mettler 
Toledo FiveEasy) using the following equation: 
 
                
     
  
                                                     (3) 
2.5. Salt transport properties 
Salt transport properties play Pivotal functions for evaluating the performance of desalination membrane. 
Salt transport properties of crosslinked PVA and PVA-Laponite MMMs were determined using a kinetic 
desorption technique in terms of NaCl diffusivity,   [34, 35]. First, the membrane with a known thickness 
was immersed in 50 ml of 5 wt% NaCl aqueous solution at room temperature for 48 h to make sure that 
the membrane is in equilibrium of NaCl and then removed followed by wiping off. Then the membrane 
was quickly placed in a beaker with 50 mL of DI water and continuously stirred at 600 rpm. The 
conductivity of the solution was monitored using a conductivity meter and recorded at 5 sec interval at 
room temperature and using standard curve of NaCl concentration with conductivity the values were 
converted to NaCl concentration. Desperation experiment results were correlated to the Fickian diffusion 
model by which the diffusivity    (cm
2/s) of NaCl in the membrane was obtained by plotting (Mt/M∞) vs 
t1/2[34-36] 
          
    
  
  
  
  
  
  
       
 
 
                                               (4) 
Where,   is the average membrane thickness, Mt is NaCl amount in the solution at t moment during 
desorption and M∞ is the total mass of NaCl desorbed during the desorption experiment.  
2.5.1. Salt solubility of membrane 
The salt (NaCl) solubility, also named as sorption or partition coefficient (  ), is defined as the ratio of 
the volumetric concentration of NaCl in the membrane to the original solution  concentration (i.e. 5 wt %) 
which can be described as follows [37, 38]: 
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                               (5) 
2.5.2. Salt permeability of membrane 
According to the solution-diffusion model, NaCl permeability,    (cm
2/s) is defined as the product of    
and   [39, 40]:  
 
                                                                            (6) 
2.6. Water/salt permeation selectivity of membrane 
The membrane selectivity can be defined as the ratio of water permeability coefficient (    to that of salt 
(    and it can be adopted for membrane evaluation for inherent capability of membrane  for water/salt 
separation and this could be express using the equation [37] : 
   
       
  
 
  
  
                                                         (7) 
2.6.1. Water permeability of membrane 
The solution-diffusion mechanism can be used to describe water transport in PV desalination 
membranes. According to the model when applying  suitable vacuum in the permeate side, the water flux 
can be consistent with the concentration in the feed side (   , g/cm
3), permeability (  , cm
2/s) of the 
specific component, and the thickness of the membrane ( , cm) in theory [41, 42]: 
 
   
    
 
                                                                   (8) 
 
From Eq. (7 and 8), The water permeability coefficient,    can be obtained  from PV desalination water 
flux with  pure water as feed  as follows [4, 42] : 
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                                                                (9) 
3. Results and discussion 
3.1.  Characterization of Laponite powder and PVA-Laponite MMMs. 
Morphology and chemical structure 
The XRD patterns in Fig.2 show the degree of crystallinity of the Laponite XLG powder, neat PVA 
membrane, and PVA-Laponite MMMs. For the pristine PVA membrane, a sharp diffraction peak around 
         can be observed which represents the typical crystalline phase of PVA chain [43].  The XRD 
profile of powder laponite XLG manifests a broad pattern designate the low crystallinity and the small 
particle size. Sharp peaks are present at values of 19.8°, 35.3°, and 60.8° corresponding to (100), (110), 
and (300) crystal planes, respectively and a wide broad peak at 27.5◦ represent the (005) plane and these 
were reported also in previous papers [28, 31]. By comparison, the pattern of PVA-Lap2 MMMs shows 
absence of clear diffraction peaks between          . The sharp peak at 19.5° was also significantly 
weakened after exfoliation of laponite clay. This demonstrates that the exfoliated laponite XLG platelets 
are individually well dispersed in the PVA matrix and the polymer matrix is completely interpolated with it 
forming a compatible nanocomposite [44-46]. However, increasing the laponite content to 10% in PVA-
Lap10 led to a narrow peak at           which could indicate the possibility of intercalation or phase 
separation.  
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Figure 2 : XRD patterns of Laponite XLG powders, pristine PVA and PVA-Laponite mixed matrix membranes. 
As observed in SEM image, the surface micrograph in Fig. 3b represents the smooth and dense PVA 
pristine membrane. The surface and cross-sectional SEM images of PVA-Lap2 and PVA-Lap10 are shown in 
Fig. 2(c, d) and (e, f) respectively. As can be seen, the SEM images of the MMMs surface Fig.3 (c, e) 
confirm that laponite was homogeneously dispersed within the PVA matrix without any cracks or voids 
around the clay. However, compared to the pristine PVA, the surface of PVA-Laponite membranes appear 
rough and denser. The cross section of the PVA-Lap2 Fig.3 (d) displays uniform and homogenous 
dispersion of the clay in the polymer matrix indicating perfect exfoliation process. Incorporation of more 
nanoplatelets, PVA-Lap10, resulted in some agglomerations on the surface in addition to increasing the 
surface roughness Fig. 3(e). Moreover, when the clay loading reached 10 wt%, the clay was inclined to 
assemble together forming a separated layer intercalated with the polymeric matrix, which might affect 
the mechanical properties and pervaporation performance of the membranes. These results are in 
consistent with the analysis of XRD patterns.  
The FT-IR spectra of laponite XLG powder, pristine PVA, and PVA-Lap2 MMMs are depicted in Fig.4. 
The laponite spectrum showed a multicomponent wide band between 3700 and 3000 cm-1, which was 
assigned to the stretching and bending of surface hydroxyl groups (Si–OH and Mg–OH) and at 1630 cm-1 
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related to adsorbed water on laponite XLG. The stretching of Si O and Si–O–Si bonds appeared as a strong 
band at 957 cm-1 and the stretching of Mg–O is ascribed by a band at 640 cm-1 [33, 47]. 
FTIR spectra of the pristine PVA showed a broad peak between 3590 and 3070 cm-1 indicating -OH 
groups involved in the inter- and intramolecular hydrogen bonds. No peaks could be observed in the 
range from 3700-3600 cm-1, which demonstrates that all -OH groups were bonded. [21-23]. The bands 
between 2940 and 2900 cm-1 are due to C-H stretching vibration alkyl groups of PVA chains. Due to  low 
Glutaraldehyde concentration (0.3 v/v%), the  two peaks attributed to CH corresponding to aldehyde at 
about 2850 and 2750 cm-1 were not observed. The characteristic  Peaks at 1425 and 1321 cm-1 belong to 
the symmetric bending and the waging of CH2, 1300-1100 cm
-1 due to CH and C–O–C from acetal ring 
resulted during the crosslinking reaction were also observed, respectively [48, 49]. 
The vibration peaks attributed to C–O chain, the angular deformation outside the plan of O–H bond 
and C–C in the PVA chain were identified at 1085, 920, and 831 cm-1, respectively. Compared to the 
pristine PVA membrane, PVA-Lap2 FTIR spectrum displayed same peaks in addition to narrow peak band 
at 620 cm-1 due to Mg–O stretching. Moreover, the Si–O–Si stretching frequency peak at 920 cm-1 
exhibited slight shift change toward higher value when compared with laponite. This shift can be 
attributed to the interactions between PVA polymer and the clay through Si–OH groups. 
 
Figure 5 shows the TGA curves of laponite XLG, pure PVA membrane, and PVA-Lap2 MMMs. All 
samples presented the first weight loss step which is attributed to the water release (dehydration process 
occurring up to about 150 °C), realized more clearly in DTG curves than in TGA curves [29]. Laponite XLG 
clay is thermal stable up to about 700 °C; the clay layers dihydroxylation process is observed above this 
temperature. Pure PVA membrane exhibited a second failure between 200 – 350 °C according to DTG 
curves, which was assigned to the decomposition of the side chain of PVA. Finally, the third thermal 
degradation which split into two stages between 350 – 450 °C and 450- 580 °C and this can be attributed 
to the decomposition of the backbone of PVA and the carbonated residue such as glutaraldehyde 
respectively [50, 51]. 
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Figure 3: SEM images of laponite powder (a) pristine PVA (b) surface and cross-section of (c, d) PVA-Lap2, (e, f) PVA-
Lap10 membranes.  
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Figure 4: FTIR spectrum of Laponite XLG powder, pure PVA, and PVA-Lap2 membrane. 
Although there was no significant change in weight loss of the plain and laponite XLG-loaded membrane, 
the thermal degradation temperature of mixed matrix membrane was much higher than that of the pure 
membrane due to the laponite addition into the PVA matrix. While the degradation temperature for 30% 
weight loss for PVA pure membrane was around 277 °C, that it was 377 °C for the 2 wt% laponite 
incorporated mixed matrix membrane. 
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Figure 5: TGA and DTG curves of the laponite XLG powder, pure and PVA-Lap2 MMMs. 
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Hydrophilicity 
Based on the solution diffusion model in pervaporation desalination, water adsorption on the surface 
of the membrane is the first step in the water transport which is attributed to the surface hydrophilicity of 
the membrane. The PVA and PVA-Lap MMMs surface hydrophilicity were elaborated by water contact 
angle measurement using a sessile drop methodology. As shown in Fig. 6 (a), increasing the laponite 
content led to decrease in water contact angle. It can be owing to the high hydrophilic surface of the 
laponite XLG [30]. Therefore, the contribution of laponite made the membranes rougher and more 
hydrophilic which may contribute to an enhancement of the water permeation through the membrane. 
Additionally, as can be observed, at high laponite content the increase in water contact angle of MMMs 
started to show stable values. 
   
Figure 6 : (a) Water contact angle and (b) water uptake of PVA and PVA-Lap membranes. 
The swelling behavior of membranes is generally delineated by the water uptake results. The influence 
of different laponite XLG content on the swelling behavior of the membranes was investigated in water at 
room temperature is displayed in Fig. 6 (b). It can be observed from the figure that the in the beginning 
the water uptake increases to a maximum value at 2 wt% laponite and then gradually decreases with 
higher  laponite content in the membranes. The initial increase could be attributed to the higher 
hydrophilicity behavior of the membrane[32], while the decrease with higher laponite loading can be 
associated with the accretion of  the physical crosslinking due to the presence of clay  which could act as a 
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physical crosslinker in addition to the chemical crosslinker GA which decreases the free volume of PVA 
matrix and restricts the dissolution of polymer in water[52]. 
Mechanical properties 
One of the main characteristic properties of a membrane is the mechanical stability and mechanical 
strength. It has been reported that incorporation of nanomaterials such as nanoclay in the polymer matrix 
is a powerful and easy way to improve the polymer stability [27]. To study the influence of laponite on the 
mechanical properties of PVA membrane, a tensile test was accomplished. Figure 7 presents the test 
results of yield stress and Young’s modulus of the PVA-Lap. MMMs. For instance, yield stress and Young’s 
modulus demonstrate similar inclination. Hence, it was found that addition of 2 wt% laponite enhanced 
the yield stress and Young’ modulus by 35% and 62% respectively compared to the pure PVA membrane. 
These results could be attributed to the strong interconnection among the nanoclay and the polymer 
matrix and the fact is that laponite acts as a physical crosslinker. Similar results have been reported [52]. 
Nevertheless, a further increase in the laponite content led to a significant reduction in the mechanical 
properties of membranes. It was assigned that, at low content, laponite displays uniform and 
homogenous dispersion in the PVA matrix indicating perfect exfoliation process and had good adhesion 
with the polymer matrix. While increasing the laponite content, nanoplatelets tend to agglomerate 
leading to weak interaction between laponite and PVA resulting in tacky adhesion with polymer matrix 
and thus lower membrane mechanical properties. Du et al. [53] demonstrated similar phenomenon that 
the laponite-poly (acrylic acid) nanocomposite show maximum yield stress at 0.14 wt% laponite content 
and then decrease by increasing the clay loading. These results proved that 2 wt% laponite XLG 
nanoplatelets significantly improve the mechanical properties of PVA membrane.  
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Figure 7: Effect of laponite XLG on the mechanical properties of the mixed matrix membranes; (a) yield stress and (b) 
Young’s modulus of the MMMs as a function of laponite content. 
3.2. Pervaporation experiment 
3.2.1.  Effect of laponite XLG content 
Fig.8 represents the effect of incorporation of different laponite content on the pervaporation 
desalination performance of PVA membrane. Regardless, the feed solution the flux first increased then 
decreased. PVA-Lap2 obtained the maximum flux of all feed solution irrespective of pure water or NaCl 
solution. A similar trend of water flux has been obtained in water uptake measurements. 
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Figure 8: Pervaporation desalination performance of PVA-Lap MMMs at different laponite content at 40 °C. 
 
Based on the solution-diffusion mechanism, solubility and diffusivity of water in the membrane is 
controlling the water permeability in pervaporation desalination process[41]. The contribution of low 
content of laponite made the membranes rougher and more hydrophilic which may result in adsorption 
of more water to the membrane surface, thus making an enhancement in the water permeation flux 
through the membrane. However, by increasing the laponite content, nanoplatelets leading to restrict 
chain mobility of PVA which decrease water adsorption on active sorption sites of both the clay and PVA. 
In addition laponite could act as physical crosslinker leading to limit the affinity of PVA towards water, 
thus decreased the diffusion rate. Fig. 8 presents the salt rejection of the membranes preserved over 
99.5% for the pristine PVA while increasing the amount of laponite led to increasing the salt rejection to 
over 99.9%. 
This could be owing to the size exclusion mechanism during the pervaporative desalination process 
[54, 55]. Due to laponite exfoliation in the PVA matrix it would restrictive the free space of the polymer 
chain. Therefore, based on the size exclusion theory, water (0.27 nm) was easily penetrated compared to 
the hydrated ions (0.712 nm) and (0.664 nm) for Na+ and Cl-  respectively [56]. The augmentation in the 
rejection could be also imputed to the stated fact that the surface charge of membrane and the ions 
concentration in the feed can play an important role in desalination performance [37, 54, 57]. Based on 
the charge exclusion theory, the ions with the same charge as that of the surface of the membrane will 
get rejected and remain in the feed side. As Laponite nano-disc is reported as negatively charged surface 
and positively charged edge clay. Accordingly, for a water-NaCl solution, the negative surface of the clay 
will positively be charged with the sodium ions, and rejection is consisted on hydrated chlorine ions. 
Therefore, the ion separation in the PVA-Lap MMMs relies on the dispersion of clay in the PVA matrix and 
on the allocation of the Surface/edge of the laponite discs.  
3.2.2. Effect of operating temperature 
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Despite the membrane properties and characteristic of permeant are the main parameters on a 
membrane representation on the PV separation, yet process operating conditions such as operating 
temperature could show high influence on the separation performance. The temperature is a dominant 
factor for the pervaporation separation process as changing the temperature can influence solubility and 
diffusivity of water within the membrane [58]. Additionally, the temperature has a significant effect on 
water vapor pressure on the feed side, while is almost obsolete due to the vacuum process in the cold 
traps. Therefore, rising the temperature results in a considerable increase in the driving force and thus 
the permeation of water  across the membrane [59]. 
The effect of feed temperature on the desalination separation performance was investigated. Fig. 9a 
and b show the performance of PVA membrane and PVA-Lap2 MMMs at different feed temperatures and 
concentrations. For the pristine PVA membrane, all the salt rejections are above 99.5% for all the 
concentration and the water flux increases with increasing the temperature by around 70 % for the pure 
water and 3 wt% NaCl solution in the temperature range of 40–70 ° C. 
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Figure 9: Pervaporation desalination performance at different salt concentration and temperature of (a) PVA 
membrane, and (b) PVA-Lap2 MMM. 
 
On the other hand, for all the concentration, the PVA-Lap2 MMM shows a salt rejection of over 99.9% 
no matter the feed temperature and displayed relatively high water flux of 58.6 kg/m2.h and 39.9 kg/m2.h 
for desalinating 3 wt% and 10 wt% NaCl solution respectively at 70 °C. These desirable results describe the 
advantages of increasing the feed temperature on the desalination pervaporation of high-salinity water. 
Moreover, it can be observed that by increasing the feed temperature along with increasing the feed 
concentration the water flux crucially decreased. The reason is that at a higher temperature, the vapor 
pressure of water became more influenced by feed concentration. Therefore, increasing the feed 
concentration results in decreasing the water permeation flux [20].  
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Figure 10: Arrhenius plot of flux vs temperature in desalination pervaporation at different feed concentration.  
 
For further understanding of the influence of temperature on water permeability through the PVA-Lap 
membrane, the relationship between water flux and feed temperature follows the Arrhenius 
equation[60]: 
                                                     
    
  
                                                    (10) 
where, the    is the component i flux of (kg /m
2.h),     is the pre-exponential factor (kg /m
2.h),      is the 
apparent activation energy for component i transport through the membrane (kJ/mol), R is the gas 
constant (kJ/ mol.K) and T is temperature (K).  
 
Fig. 10 a and b display the Arrhenius plot between water flux and feed temperature at different feed 
concentration. The results show a typical agreement with the model.  The apparent activation energy for 
PVA membrane and PVA-Lap2 MMM at different feed concentrations was calculated from the slope of 
the Arrhenius plot    and the values are listed in Table 1. The values of     can be used as an assessment 
criterion of the required energy for i component to pass through the membrane material. For the 
component to diffuse easily through the membrane lower apparent activation energy is needed. 
 
Table 1. : Activation energy for PVA and PVA-Lap2 membranes for pervaporation desalination of different NaCl 
2.25 
2.75 
3.25 
3.75 
4.25 
2.9 2.95 3 3.05 3.1 3.15 3.2 3.25 
ln
 J
 
1000/T(K-1) 
(a) PVA membrane   
Pure water 
3 wt% NaCl 
10 wt% NaCl 
3.25 
3.5 
3.75 
4 
4.25 
2.85 2.95 3.05 3.15 3.25 
ln
 J
 
1000/T(K-1) 
(b) PVA-Lap2 MMM   
Pure water 
3 wt% NaCl 
10 wt% NaCl 
  
22 
 
solutions. 
 
Feed composition Membrane Activation energy (kJ/mol) 
Pure water PVA 15.36 ± 0.07 
PVA-Lap2 11.32 ± 0.04 
3 wt% NaCl solution PVA 17.05 ± 0.04 
PVA-Lap2 11.80 ± 0.04 
10 wt% NaCl solution PVA 28.87 ± 0.19 
PVA-Lap2 12.24 ± 0.02 
 
From Table 1, one can observe that the activation energy required for PVA-Lap2 for all feed solution is 
significantly lower compared to PVA membrane. Moreover, increasing the feed concentration of PVA 
membrane led to a remarkable increase in the required energy. However, the desalination of 10 wt% NaCl 
solution using PVA-Lap2 results in the same low value of the activation energy. This indicates that 
incorporation of sufficient amount of laponite XLG clay has improved water permeability through the 
membrane and more suitable for water desalination.   
Table 2: Comparison of desalination performance using other membranes reported in the literature for 
desalination of NaCl. 
 
Membrane 
material 
Temperature NaCl concentration Flux Rejection Reference 
(°C) (wt %) (kg/m2.h) (%)  
PVA/PS HF 70 3 7.4 99.9 [17] 
PVA/Silica 60 3 10.4 99.9 [61] 
CS/GO-1 60 3.5 17.7 99.99 [19] 
GO/PAN 90 3.5 65.1 99.8 [59] 
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MXene/PAN 65 3.5 85.1 99.5 [60] 
NaA Zeolite 69 3.5 1.9 99.9 [57] 
PVA-Lap2 60 3 51.2 >99.9 This study 
PVA-Lap2 70 3 58.6 >99.9 This study 
 
Table 2 summarizes the pervaporation desalination performance of reported membranes in the 
literature. It can be seen that compared with other PVA membranes, PVA-Lap2 MMM showed a high 
rejection with excellent water flux at the same time. Additionally, compared to other polymeric 
membranes such as (CS/GO-1), composite membranes (MXene/PAN), and inorganic membranes (NaA 
zeolite), our PVA-Lap MMM offers a great potential for pervaporation desalination application. 
3.3. Salt transport properties 
The pervaporation permeability and selectivity are dominated by solubility and diffusivity of components 
through the membrane. Diffusion coefficient of NaCl shows the diffusive capacity  of salt solution through 
the membrane and this can be obtained from the kinetic desorption experiments,   [34, 35]. Fig. 11 
represents a typical desorption curve for NaCl. Similar to earlier studies [19, 36],    was calculated using 
Eq. 4 for the linear region of  the desorption curve slope. 
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Figure 11: Typical NaCl desorption curve of PVA-Lap2 MMM for the measurement of NaCl diffusion coefficient. 
 
Table 3 presents the salt diffusivity of MMMs as well as salt solubility and permeability calculated 
according to Eqs. 5 and 6 in section 2.4. Compared to PVA membrane, both salt diffusivity,    and 
solubility,     increased with increasing the laponite content up to 2 wt% then decreased with further 
increase in the clay content.  Consequently, the salt permeability through the membrane is following the 
similar trend. These results are in consistent with the water uptake data.  In theory, in a pure non-swollen 
polymer membrane no salt is expected to be dissolved, thus the adsorbed water in the membrane is 
supposed to dissolve any NaCl adsorbed in the membrane [40]. Therefore, the amount of water and NaCl 
in the membrane are closely correlated to each other.  
Additionally, in order to calculate the membrane selectivity, the permeability of water was obtained 
from Eq. 9 and listed in Table 3.  As can be seen, the water permeability coefficient exhibits similar 
tendency that is initially it gets increased followed by decrease with higher Laponite content. The results 
are attributed to the fact that with increase in the laponite content, the membrane hydrophilicity 
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increases while free volume of the membranes gets decreased. In addition to the physical crosslinking 
role of the nanocaly at higher loading which reduces the free volume and inhibits the water permeability 
increment with the enhancement in the membrane hydrophilicity. The maximum     that was achieved 
was approximately 11×10−4 cm2/s at 2 wt% Laponite content. The value of permeability of water reached 
are remarkably high even compared to published date under comparable operating conditions [14, 36]. 
 
Table 3: Salt transport properties and water permeability through PVA and PVA-Lap MMMs with different clay 
content. 
Membrane 
                 
(x10-6 cm2/s)  (x10-6 cm2/s) (x10-4 cm2/s) 
PVA 0.38 3.26 1.24 5.47 
PVA-Lap2 0.64 3.72 2.36 10.69 
PVA-Lap5 0.48 3.89 1.86 9.30 
PVA-Lap7 0.47 3.66 1.72 8.78 
PVA-Lap10 0.42 3.27 1.38 7.53 
 
3.4. Permeation selectivity of membrane 
When, water and salt permeability values in Table 3 are compared, it can be deduced that    is lower by 
two order of magnitude thereby indicating that water has preferential permeation through the 
membrane. The significant variation in permeability values of water and salt results in high water/salt 
selectivity as calculated using Eq. 8 and depicted in Fig. 12. This manifests that the amount of salt passing 
through the membranes is omitted compared to the amount of water.  Fig. 12 displays that the increase 
in the laponite content in the membranes, the selectivity is increasing which is a counteractive trend to 
the water permeability through the membrane.  
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Figure 12: Water/salt selectivity and water permeability of PVA membrane and PVA-Lap MMMs with different 
laponite content. 
This could be attributed to the solution-diffusion mechanism in which the free volume theory 
describes the transport in the dense membranes process as pervaporation. At higher content of laponite, 
more water is passing through the membranes according to the clay hydrophilic behaviour. However, the 
strong interaction between PVA matrix and clay as well as the physical crosslinking action of nanoplatelets 
result in decrease in the free volume of the mixed matrix membranes which cause decrease permeation 
in both water and salt while increasing selectivity. This result proves that high salt rejection in the 
pervaporation desalination process is a consequence of high water over salt permeability through the 
membrane. 
4. Conclusion 
Laponite XLG nanoclay was dispersed in water and exfoliated in PVA matrix to produce dense MMMs with 
several clay concentration for desalination by pervaporation. The MMMs surface hydrophilicity is 
increased with increasing the laponite content. The mechanical properties of the membrane were 
outstandingly enhanced by reaching 65.7 MPa and 3.3 GPa for the yield stress and young’s modulus, 
respectively.  In the beginning the MMMs water flux increased followed by decrease with a maximum 
value at 2 wt% laponite content. The salt rejection of the pristine PVA membranes preserved over 99.5% 
5 
7 
9 
11 
13 
0 
100 
200 
300 
400 
500 
600 
0 2 5 7 10 
W
at
er
 p
er
m
ea
b
ili
ty
 (
x1
0
-4
 c
m
2
/S
) 
Se
le
ct
iv
it
y 
 
Laponite content (wt%) 
Selectivity 
Water permeability 
  
27 
 
while incorporation of the laponite clay led to improving the salt rejection to over 99.9%, this was 
attributed to the size/charge exclusion theory.  
The permeability of water and salt permeability is according to the free volume theory when the 
laponite content increase in MMMs.  In the pervaporation desalination process, it is not clear as to which 
factor affects salt rejection. Even the present study has shown that maximum water permeability across 
salt in dense membrane results in higher salt rejection in PV process. Two wt% laponite content PV 
membrane had fluxes of 58.6 kg/m2.h and 39.9 Kg/m2.h when desalinating 3 wt% and 10 wt% aqueous 
NaCl solution at 70 °C, respectively. However, the salt rejection still remained over 99.9% irrespective of 
the feed concentrations and temperatures. It can be concluded from this study that PVA-Lap MMMs is a 
promising and competitive candidate as far as pervaporation desalination is concerned.  
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 PVA/Laponite mixed matrix membranes were prepared using simple 
exfoliation process. 
 MMMs were used for pervaporation desalination. 
 High water permeability was achieved. 
 Salt rejection of > 99.9 % was maintained for all MMMs. 
 Ability to desalinate high-salinity feeds. 
